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Introduction

4
and brachiopods (Helfenbein, Brown, and Boore 2001). However, the most unusual situation 98 occurs in a group of nematodes, where it has been shown that all mitochondrial tRNAs, except 99 those coding for serine, lack T arms and variable loops. These are instead replaced by T arm-100
Variable loops (TV-replacement loops) whereas the serine tRNAs have D replacement loops 101 (Wolstenholme et al. 1987; Okimoto and Wolstenholme 1990 ). 102
Because the cloverleaf secondary structure of tRNA is so widespread among all life 103 forms, it can be argued that loss of the T arm is likely deleterious, and that such tRNAs are not 104 optimal. In general, mitochondrial tRNAs appear to be accumulating deleterious mutations, 105 based on comparisons of bond strengths and substitution rates in mitochondrial versus nuclear 106 tRNAs (Lynch 1996 (Lynch , 1997 . Further evidence for the accumulation of deleterious mutations in 107 mitochondrial tRNAs is provided by the fact that they are smaller and display almost no 108 invariant nucleotide positions relative to their nuclear counterparts (Lynch 1996) . Loss of a T 109 arm further reduces both the size and the number of conserved nucleotide positions present in a 110
given tRNA. This lack of sequence conservation also suggests that mitochondrial tRNAs may be 111 more likely to display unpaired nucleotides in their stem regions, compared to their nuclear 112 counterparts. 113 However, one possible solution that may overcome the effects of the accumulation of 114 deleterious mutations in the DNA is posttranscriptional modification of the RNA transcripts. In 115 this scenario, the bases would be modified so that the RNA contains paired bases in its stem 116 regions. Such RNA editing has been found to change the nucleotide base pairs in the aminoacyl 117 acceptor stems of metazoan mitochondrial tRNAs (e.g. Lonergan and Gray 1993; Börner et al. 118
1997; Lavrov, Brown, and Boore 2000).
119
A previous population genetic study revealed that the mitochondrial genes for tRNA Val 120 and tRNA Leu(CUN) are truncated in jumping spiders in the genus Habronattus (Masta 2000) . These 121 tRNA sequences lack the potential to form the typical cloverleaf-shaped tRNA, and instead have 122 TV-replacement loops. There is also intraspecific variation in the regions of the sequences that 123 typically would encode the aminoacyl acceptor stems, suggesting that RNA editing occurs to 124 correct nucleotide mispairings in these regions. Additionally, the gene for tRNA Leu(CUN) has a 125 different location in the mtDNA molecule than found in horseshoe crabs and prostriate ticks. 126
In the present study we seek to determine whether and to what extent the other 20 127 mitochondrial tRNAs may be truncated, may possess mispaired acceptor stem sequences, and 128 may be rearranged with respect to other chelicerates, with the long-term goal of understanding 129 patterns of molecular evolution in arachnids. 130 131 132
Materials and Methods
133
Mitochondrial DNA was extracted from one individual of the jumping spider 134
Habronattus oregonensis from the Santa Rita Mountains of Arizona, as previously described 135 (Masta 2000) . The mitochondrial genome was amplified in two large overlapping fragments by 136 long PCR, using the primers HbCB-J (5'-TGGATTTAGAGTTTTTTTTATTTT-3') with HbC2-137 3300-J (5'-TAG TAT TTA TTG CTT TTC CTT CTC-3'), and Hb12S-N (5'-138 CAAAATAAGGCAAGTCGTAACA-3') with C1-J-2309. Primers HbCB-J , HbC2-3300-J, and 139 5 Hb12S-N were specifically designed to amplify H. oregonensis from this location, based on 140 previously reported sequences (Masta 2000) (GenBank accession numbers AF239951 and 141 AF241478), and C1-J-2309 was designed specifically for spiders by M. Hedin (1997a). Long 142 PCR amplification was performed using the Stratagene Herculase' DNA polymerase kit. 143
Reaction conditions were similar to the manufacturers' suggestions, with final concentrations of 144 0.16 mM of each dNTP, 0.4 mM of each primer, 1X Herculase' polymerase buffer, 1 µl of 145 mitochondrial DNA (concentration not determined) and 2.5 Units of Herculase' polymerase per 146 100 µl reaction. Reactions were cycled at 92°C for 30 sec., 50°C for 25 sec., and 68°C for 12 147 min, for 37 cycles, followed by a final extension at 72°C for 15 min. The PCR products were 148 electrophoresed in 0.8% agarose gels to estimate their size and concentration, then purified by 149 precipitating with 0.3 M sodium acetate and 100% ethanol, followed by resuspension in water. 150
These PCR products were then processed for DNA sequencing by the production facility 151 of the DOE Joint Genome Institute (JGI). First, DNA was mechanically sheared randomly into 152 fragments of about 1.5 to 2 Kb. After enzymatic end repair and gel purification, these fragments 153 were ligated into pUC18 and transformed into E. coli to create plasmid libraries, all using 154 standard techniques (Sambrook et al. 1987 ). Automated colony pickers were used to select 155 colonies into 384-well plates. After overnight incubation, a small aliquot was processed 156 robotically through amplification of plasmids, sequencing reactions, reaction clean-up, and 157 electrophoretic separation on ABI 3730XL or Megabace 4000 automated DNA sequencer 158 machines to produce a sequencing read from each end of each plasmid. 159
Sequences were fed automatically from sequencing machines into a UNIX-based folder 160 system, where they were processed using Phred, trimmed for quality, and assembled using 161
Phrap. Quality scores were assigned automatically, and the electropherograms and assembly 162 were viewed and verified for accuracy using Sequencher (GeneCodes). 163
Typically, about 30X coverage of a mitochondrial genome is achieved in this way, 164 meaning that any given region has been sequenced an average of 30 times, a redundancy that 165 provides a deep and accurate assembly. The only nucleotides included in the assembly were 166 those computer-scored at Phred Q20 or higher, a very stringent quality standard. 167
A region from each of the ends of the PCR product generated by the primer pair Hb12S-168 N with C1-J-2309 was not included in the assembly of sequences, presumably due to some bias 169 in the shearing and/or enzymatic repair and cloning. These regions were subsequently sequenced 170 by designing specific internal primers for this long PCR product. Chromatograms from 171 sequences resulting from primer walking (and therefore not having the extensive coverage of the 172 rest of the genome) were checked for accurate base-calls by eye before aligning with the 173 remainder of the sequences. Figure 1 is It was not possible to infer the exact gene boundaries for all the tRNA genes, due to the 223 sequences not being capable of forming the typical nucleotide pairs found in regions of the tRNA 224 genes that typically code for stems in tRNA genes in other organisms. Furthermore, in regions 225 that should correspond to the aminoacyl acceptor stem, and in some cases the T arm, the 226 sequences are not conserved with respect to other chelicerate tRNA sequences. Instead, these 227
tRNA genes appear to be missing the sequence to encode parts of typical tRNAs (see Fig. 3 ). 228
Because we do not know the exact boundaries of the tRNA genes at their 3' end, we have 229 illustrated where the adjacent downstream genes begin. Most of the inferred tRNA gene 230 sequences are considerably shorter with respect to those of other chelicerates. In particular, the 231 majority of the inferred tRNA secondary structures appear to be truncated at their 3' end, such 232 that they possess no potential to form a normal aminoacyl acceptor stem (Fig. 3 ). In at least nine 233 tRNAs, the downstream gene on the same strand begins at a position that would otherwise be 234 expected to be part of the tRNA gene. Even allowing for the possibility of gene overlap, those 235 nucleotides that would be shared between the two genes could not form all the required bonds 236
with the adjacent nucleotides in the 5' portion of the acceptor stem. Poorly or unpaired acceptor 237 stems are also found for tRNA genes with extensive overlap with genes encoded on the opposite 238 DNA strand. An extreme example of this is trnL2, in which only one possible nucleotide base-239 pairing can occur among the seven nucleotides of the 5' portion of the acceptor stem and the 3' 240 nucleotides. Although the exact gene boundaries cannot be ascertained with DNA sequence data 241
alone, it appears that none of the 22 tRNA sequences have the potential to form a fully paired, 242 seven member aminoacyl acceptor stem. It seems unlikely that these unpaired nucleotides are 243 cases of gene overlap with the downstream gene on the same strand; rather, it is more 244 parsimonious to conclude that most of the tRNAs do not encode all or part of the 3' portion of the 245 aminoacyl acceptor stem. Perhaps this structure is formed posttranscriptionally, as it is in 246 centipede mt tRNAs (see below). Some of these tRNAs are even further truncated; only 13 247 tRNAs can be inferred to possess a base-paired T arm. At least 9 tRNAs contain a TV-248 replacement loop, similar to those first found in nematodes (Wolstenholme et al. 1987) . Even 249 among some of the tRNAs that can potentially fold into a T arm, the inferred stems and loops are 250 small (trnL2 and trnM) or poorly paired (trnY, trnH, and trnV), casting doubt on their identity as 251 T arms. 252
The amount of truncation or gene overlap found in each tRNA gene varies. The most 253 extreme example is trnC, whose sequence overlaps the adjacent gene on the opposite strand 254 (cox1) for 7 nucleotides at the 5' end and appears to overlap a gene on the same strand (trnY), for 255 15 nucleotides on the 3' end. This length of sequence that is required to overlap a gene on the 256 same strand has not previously been found in mtDNA genes before. only one has a perfectly paired anticodon stem (see Fig. 3 ), and this sequence also shares the 273 greatest similarity with the trnS2 genes of other chelicerates. This trnS2 gene is downstream of 274 cob, as is the case for horseshoe crab mtDNA, but just upstream from this region is an alternative 275 potential trnS2 sequence (Fig. 3) although it shares less sequence similarity with other 276 chelicerates, and also has a mispairing in the anticodon stem. The potential for a 3' acceptor stem 277 exists for this sequence, although it too has a nucleotide mispairing with the adjacent 5' stem. 278 279
Ribosomal RNA genes 280
The entire sequence and the structure of the 3' half of the large ribosomal subunit RNA 281 has previously been reported (Masta 2000 exception is cob, which appears to be longer than that found in either ticks or the horseshoe crab. 292
The inferred start codons for 11 of the 13 protein encoding genes are ATN, which is 293 typical for metazoan mitochondria (Wolstenholme 1992 ). Less typical is the inferred use of UUG 294 as an initiation codon, which we find in the cox2 and cox3 genes of H. oregonensis.
295
The termination codons TAG or TAA appear at the end of nine of the protein-coding 296 genes. These termination codons are not present in nad4, nad4L, nad5, and cob; we inferred 297 these genes to be terminated by truncated stop codons (T), which are presumably polyadenylated 298 after transcription to form complete TAA stop codons (Ojala, Montoya and Attardi 1981). If, 299 alternatively, these genes were to extend to the first in frame stop codon, it would require overlap 300 of the downstream genes by 26, 117, 20, and 24 bp for nad4, nad4L, nad5, and cob respectively. 301 302
Noncoding regions 303
There are nine regions of the mtDNA that do not appear to encode genes, and most of 304 these consist of two to four nucleotides between adjacent genes. . The largest unknown region 305 (716 bp) occurs in a similar region to where the A+T rich region (control region) occurs in 306 9 Limulus (see Fig. 2 ). This region has an A+T composition of 77.1%, and is therefore not 307 strikingly A+T-rich, compared to the 74% A+T composition of the remainder of the genome. 308
There are few or no non-coding nucleotides between adjacent protein-coding genes, with 309 at most four bp between such genes. The largest unassigned region is 65 bp, between the trnN 310 and trnA genes. This region contains sequence that can be folded into a secondary structure 311 similar to that predicted for tRNA Ser(UCN) , although except for the three nt anticodon, the sequence 312 is very divergent from other chelicerate trnS2 genes, as mentioned above. 313 314
Strand bias 315
The strand encoding the majority of proteins we will refer to as the a-strand, The tRNAs encoded by both the a and b-strands share similar secondary structures and 329 degrees of overlap with adjacent genes (see Figs. 2 and 3) . Thus, it does not appear that the 330 strand on which a tRNA is encoded influences whether it maintains a T arm and 3' acceptor stem 331 sequence. 332 333 334 Discussion 335
The mitochondrial genome of H. oregonensis is the smallest reported from any 336 chelicerate. In general, the mitochondrial genomes of chelicerates are smaller than those of other 337
arthropods. This compact size results from most of their genes being shorter than their 338 counterparts in other arthropods. Habronattus oregonensis has achieved an even smaller size 339 through further reduction in the size of its genes, in particular its ribosomal and transfer RNA 340 genes. The tRNA genes are drastically reduced at their 3' ends so that many no longer encode a T 341 arm, and likely most do not even encode a 3' acceptor stem. Therefore, these tRNA genes are 342 even smaller than nematode mt tRNA genes, including trnS1, which has been described as the 343 minimal tRNA ( Our finding that sequence is lacking for both the T arm and of most likely for the 3' 373 acceptor stems in many of this genome's tRNAs is unprecedented among metazoan 374 mitochondrial tRNAs. Nematode mitochondrial tRNAs are characterized by TV-replacement 375
loops, but they possess well-paired acceptor stem sequences (Wolstenholme et al. 1987 ). 376
Gastropods contain a few mitochondrial tRNAs that lack the T arm and also have mispaired 377 acceptor stems (Yamazaki et al. 1997 While it is not possible to determine from this gene order alone exactly what the pattern of gene 415 rearrangement has been over the course of evolutionary time, the sampling of additional arachnid 416 taxa may make this possible. Currently, no information is available on the mt gene arrangements 417 of other spiders or orders of arachnids believed to be more closely related to Araneae than Acari 418 is. Therefore, we don't know which, if any of the tRNA gene rearrangements we find in H. 419 oregonensis may be shared, derived characters, and hence phylogenetically informative. 420
We can also infer that the extreme tRNA truncation and likely RNA editing found in 421 spiders is evolutionarily derived, as these unusual features have not been described in Acari. The 422 evolutionary loss of an arm in a tRNA gene is probably irreversible, and there are no known 423 cases in which a normal cloverleaf-shaped tRNA has evolved secondarily from a tRNA that has 424 lost an arm. Because losses of arms or helices of RNA are such rare evolutionary events, it is 425 possible that they can be used as reliable phylogenetic characters for delimiting lineages. One 426 such study has already shown that tRNA secondary structure delimits a clade of lizards (Macey, 427 Schulte II and Larson 2000). Therefore, it is likely that tRNA secondary structure will also be 428 able to provide characters for reconstructing relationships among spiders or other highly derived 429
arachnids. However, all phylogenetic inferences based on tRNA arrangement or inferred 430 secondary structure will have to await further sequencing of other arachnid mt genomes.
432
Mitochondrial genome size evolution 433 The reduction in size of tRNA genes, ribosomal genes, and at least half of the protein-434 coding genes in the mitochondrial genome of H. oregonensis suggests there has been an overall 435 trend toward minimization of mitochondrial genome size in spiders. Habronattus oregonensis 436 possesses the smallest known tRNA genes, such that these may represent the minimal size 437 necessary for proper tRNA functioning. 438 Lynch (1996) has shown that deleterious mutations are accumulating at a faster rate in 439 metazoan mitochondrial tRNAs than in their nuclear counterparts. He suggested that this 440 mutation accumulation may ultimately lead to a loss in overall fitness in major lineages of 441 organisms (Lynch 1996 (Lynch , 1997 shown in the order they occur in the genome, beginning with trnM. The lack of 685 sequence conservation and the probable RNA editing at the 3' end makes it 686 impossible to ascertain with certainty the location of the ends of the tRNA genes. . In 687 these structures we have sought to minimize overlap with adjacent genes on the same 688 strand while inferring a T arm whenever possible. However, alternative structures 689 may be possible for some of the tRNAs depicted. 
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